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PREFACE 

This  DOD SBIR Phase I p r o j e c t  i s  sponsored  by the  Department o f  the  Ai r  F o r c e ,  

Arnold  E n g i n e e r i n g  Development Cen te r  (AEDC) under  C o n t r a c t  No. F40600-83C0011. 

Mr. Frank T. Logan i s  the  T e c h n i c a l  Moni to r .  Phase I c o n s i s t s  o f  a s t udy  t o  

d e t e r m i n e  t he  f e a s i b i l i t y  o f  d e v e l o p i n g  a d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  f o r  

use  in  h i g h - t e m p e r a t u r e  and v i b r a t i o n  e n v i r o n m e n t s ,  I t  i n c l u d e s  s i x  t a s k s :  

Task 1. Design o f  the  C a p a c i t i v e  T r a n s d u c e r  

Task 2. Manufac ture  o f  Two Transduce r  Assembl ies  

and a Tes t  Stand 

Task 3. Calibration and Testing of the Individual Components 

Task 4. Calibration and Testing of the Completed Transducer 

Task 5. Determination of the Frequency Response of the Transducer 

Assembly 

Task 6. Preparation of the Final Report 

All Phase I t a s k s  were comple ted ,  and t he  r e s u l t s  demons t r a t ed  t h e  

f e a s i b i l i t y  o f  t he  p roposed  deve lopment .  As a r e s u l t ,  a Phase I I  p r o p o s a l  was 

submi t t ed  t o  AEDC f o r  f u r t h e r  r e s e a r c h  and development  l e a d i n g  t o  t he  c o n s t r u c -  

t i o n  o f  a p r o t o t y p e  t r a n s d u c e r  t o  be used f o r  the  i n t ended  measurements .  This  

r e p o r t  documents  a l l  t h e  r e s e a r c h  and d e v e l o p m e n t a l  work conduc t ed  i n  Phase I .  

Important findings indicating the success of the  feasibility investigation are 

presented and discussed. Finally, recommendations for Phase II research and 

development  a r e  g i v e n .  

The r e p r o d u e i b l e s  used In t he  r e p r o d u c t i o n  o f  t h i s  r e p o r t  were s u p p l i e d  
by the  a u t h o r s .  
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1. INTRODUCTION 

Among a l l  the  p roduc t  l i n e s  o f  p r e s s u r e  t r a n s d u c e r s  t h e r e  i s  no h i g h -  

q u a l i t y ,  low-range  (1 and 2 p s l d )  s e n s o r  s u i t a b l e  f o r  a i r  p r e s s u r e  measurements  

in high-temperature, vibration and line pressure environments typically 

encountered in turbojet engine testing. There is a need for an accurate and 

stable differential pressure transducer for measuring the pressure drop across 

a screen in the inlet plenum of an alrbreathing cell at the AEDC Engine Test 

Facility. Under certain operational conditions, the accumulation of ice on 

the screen results in a significant pressure drop. When operating the Engine 

Test Facility, it is important to monitor that pressure drop as an indicator 

o f  the  i c i n g  c o n d i t i o n  on the  s c r e e n ,  so t h a t  c o r r e c t i v e  measures  may be 

des igned  and implemented t o  remove the  i c e  i f  n e c e s s a r y .  A l i s t  o f  t y p i c a l  

e n v i r o n m e n t a l  c o n d i t i o n s  in  one o f  the  t e s t  c e l l s  ( T - l )  i s  p rov ided  in  

S e c t i o n  2. 

A p p l i c a t i o n s  o f  s i m i l a r  t r a n s d u c e r s  f o r  measur ing  a b s o l u t e  and d i f f e r -  

e n t i a l  pressure may be found in other test cells of the Engine Test Facility, 

where the enviromnental conditions are similar to those in the T-I cell. 

S u c c e s s f u l  development  o f  p r e s s u r e  t r a n s d u c e r s  would open a wide r ange  o f  

other applications, e.g., in turbulent flow research and development, and in 

the automobile and aircraft industries: 

o The t r a n s d u c e r  cou ld  be used in  t u r b u l e n c e  r e s e a r c h  to  measure h i g h -  

f r equency  p r e s s u r e  p u l s a t i o n s .  

o The a i r  p r e s s u r e  in combus t ion  eng ine  i n t a k e s  and e x h a u s t s  i s  s u b j e c t  

t o  p u l s a t i o n s  w i t h i n  a v i b r a t i n g ,  h i g h - t e m p e r a t u r e  env i ronmen t .  The 

s e n s o r  cou ld  be u s e f u l  both  i n  combus t ion  eng iue  development  and 

p r o d u c t i o n  q u a l i t y  c o n t r o l  t o  a c c u r a t e l y  measure dynamic p r e s s u r e s  o r  

p r e s s u r e  d i f f e r e n c e s .  

o Because o f  i t s  h igh  s e n s i t i v i t y ,  the  s e n s o r  can a l s o  be used to  mea- 

su re  the dynamic pressure in pulsating gas or liquid flows in pipes in 

high temperature and pressure environments. 

The objective of the Phase I study is to present sufficient information, 

gathered through literature review, theoretical analysis and laboratory 

experiments, to demonstrate the feasibility of the proposed capacitive 

pressure transducer. 
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Capac i t i ve  sens ing  i s  by no means a new idea .  I t  has long been app l i ed  

f o r  measuring such phys ica l  q u a n t i t i e s  as d i sp lacements  (Hi tec  CorporaClon, 

1980; Garb in i  and Mauer, 1984; Kinsman, 196S), f o r c e s  and p r e s su re s  ( e . g . ,  

load c e i l s  and p r e s s u r e  t r an sduce r s  made by many m a n u f a c t u r e r s ) ,  flow speed 

(Mauer, 1984) and a c o u s t i c a l  s i g n a l s  (B & K, 1972; 1982). In  o t h e r  words, the  

method o f  c a p a c t i v e  sens ing  i s  mature .  The main reason  t h a t  a c a p a c i t i v e  

p r e s su re  t r a n s d u c e r  has not  been developed f o r  high tempera ture  and l i n e  

p r e s s u r e  environments  i s  the  d i f f i c u l t y  o f  ma in ta in ing  the long- te rm s t a b i l i t y  

o f  the  sens ing  element  and the  e l e c t r o n i c  c i r c u i t  under such adverse  c o n d i -  

t i o n s .  With the  i n t r o d u c t i o n  o f  newly developed h igh - t empe ra tu r e  m a t e r i a l s ,  

t empera ture-compensa t lng  c i r c u i t r y  and sensor  f a b r i c a t i o n  t echn iques ,  t he se  

problems may be overcome or  c i rcumvented .  

This  r e p o r t  documents the  r e s e a r c h  and developmental  work performed in  the  

Phase I s tudy .  Sec t ion  2 p r e s e n t s  the  concept  o f  a c a p a c i t i v e  p r e s su re  t r a n s -  

ducer  and the  des ign  c o n s i d e r a t i o n s  f o r  the  proposed deve lo~nen t .  Sec t ion  3 

d e s c r i b e s  the  l a b o r a t o r y  f a c i l i t i e s  in  which the  r e s e a r c h  and development was 

performed.  The r e s u l t s  o f  r e s e a r c h  and development a re  p re sen ted  and d i s -  

cussed  under Sec t ion  4.  These r e s u l t s  have p o s i t i v e l y  demonstra ted the  

f e a s i b i l i t y  o f  the  proposed development o f  a c a p a c i t i v e  p r e s su re  t r a n s d u c e r .  

The impor tan t  f i nd ings  a re  su~nar ized in  Sec t ion  5, t o g e t h e r  with recom- 

mendations f o r  major f u t u r e  r e s ea r ch  and development to  be performed in  

Phase I I .  

A Phase I I  p roposa l  has been submit ted  to  AEDC f o r  the  c o n t i n u a t i o n  o f  

t h i s  work. Phase 11 inc ludes  major r e s e a r c h  and developmental  e f f o r t s  toward 

the  des ign  and f a b r i c a t i o n  o f  a s e l f - c o n t a i n e d ,  m i c r o p r o c e s s o r - c o n t r o l l e d  

t r a n s d u c e r  assembly fo r  use a t  the  AEDC Engine Tes t  F a c i l i t y  and f o r  o t h e r  

engine  t e s t i n g  and combustion r e l a t e d  a p p l i c a t i o n s .  
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2. BACKGROUND 

In this section the concept of a capacitive pressure transducer and its 

advantages over other pressure sensors are briefly described. DOD requirements 

s p e c i f i e d  by AEDC a r e  p r e s e n t e d ,  and  t he  d e s i g n  c o n s i d e r a t i o n s  t o  meet  o r  

s u r p a s s  t h e s e  r e q u i r e m e n t s  a r e  d i s c u s s e d .  

2.1 Concept of a Capacitive Pressure Transducer 

The primary sensing element of the pressure transducer is a capacitive 

sensor (Figure la), consisting of a fixed plate and a flexible diaphragm that 

is exposed to the pressure or pressure difference to be measured. The diaphragm 

is assumed to be thin and circular, so the standard diaphragm theory (outlined 

by Meirovitch, 1967) applies. The diaphragm displacement, which is proportional 

to the applied pressure, causes a variation of the capacitance C. The capaci- 

tance and the diaphragm displacement are represented by the simple relationship 

c = CCoA/d (l) 

where C and c O are the relative and absolute dielectric constants, A is 

the diaphragm area, and d is the diaphragm displacement. 

The concept for a capacitive transducer suitable for measurement purposes 

has recently been developed by a group of researchers at the Department of 

Mechanical Engineering, University of Washington (Garbinl and Manet, 1984). 

In this transducer, the capacitance variations are used to modulate the 

frequency of an oscillator which operates at around i MHz. A phase-locked 

loop (PLL) circuit is used as a demodulator. The output voltage of the PLL 

circuit is sampled by a microprocessor or microcomputer, which corrects the 

measured signal according to the calibration curve and then displays or stores 

t h e  results (Figure l b ) .  

The proposed transducer, unlike presently available transducers, offers the 

following advantages: 

o The capacitive sensor can be designed to have a very small oscillating 

mass .  C o n s e q u e n t l y ,  t h e  s e n s o r  h a s  a f a s t  t r a n s i e n t  r e s p o n s e  and a 

high natural frequency of at least 20 kHz. Higher natural frequencies 

can be achieved by simple design variations. 

o Another benefit resulting from the small oscillatory mass is the fact 

that the transducer is largely insensitive to externally induced 



AEDC-TR-84-30 

IFERENCEPS  ELASTIC 
METAL 

DIAPHRAGM 

PRESSURE 

OVERLOAD PROTECTION 
MADE FROM NONCONDUCTIVE 
MATERIAL 

a. Capacitive Pressure Sensor 

CAPACITIVE OSCILLATOR 
SENSOR AND DEMOD. 

PRESSURE I / c(tP I I / v~" I -._.J 
~C,",p.AGMV" ~ V" I p 
TEMPERATURE 

TfZ) 

MICROPROCESSOR 

SAMPLING, 
LINEARIZING. 
TEMP. COMP. 

DIGITAL 
PRESSURE 

pit) 

b. Block Diagram of Pressure Measurements 

Figure 1, C o n c e p t  o f  a Capacitive Pressure Transducer 
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v i b r a t i o n s .  The t o t a l  d i a p h r a g m  d i s p l a c e m e n t  i s  a f u n c t i o n  o f  t h e  

f o r c e s  p e r p e n d i c u l a r  t o  t h e  d i a p h r a g m .  These  a r e  t he  p r e s s u r e  f o r c e ,  

which i s  g i v e n  by r e s u l t a n t  p r e s s u r e  t i m e s  d i aph ragm a r e a ,  and t h e  

vibration force, given by the oscillating diaphragm mass times 

acceleration. 

The t r a n s d u c e r  can  be a d a p t e d  f o r  use  in h i g h - t e m p e r a t u r e  e n v i r o n m e n t s  

by c a r e f u l  s e l e c t i o n  o f  t h e  d i a p h r a g m  m a t e r i a l .  S e v e r a l  m a t e r i a l s  such 

a s  I n c o n e l ,  n i c k e l ,  and c e r a m i c s  a r e  c a p a b l e  o f  o p e r a t i n g  i n  h igh  tem-  

p e r a t u r e s .  However,  t h e  c h o i c e  o f  a d i f f e r e n t  m a t e r i a l  would n o t  a f f e c t  

t h e  p e r f o r m a n c e  o f  t h e  s e n s o r .  I f  n e c e s s a r y ,  a t e m p e r a t u r e  s e n s o r  can  

be mounted n e x t  t o  t he  d~aphragm t o  c o r r e c t  t h e  p r e s s u r e  s i g n a l .  

L i k e  most  p r e s s u r e  t r a n s d u c e r s ,  t he  c a p a c i t i v e  s e n s o r  can  be used  t o  measu re  

a b s o l u t e  p r e s s u r e  o r  p r e s s u r e  d i f f e r e n c e s .  Whi le  c o T , m e r c i a l l y  a v a i l a b l e  t r a n s -  

d u c e r s  t h a t  meet t h e  r e q u i r e m e n t s  men t ioned  above  do n o t  y e t  e x i s t ,  c a p a c i t i v e  

t r a n s d u c e r s  f o r  g a u g i n g  s m a l l  d i s t a n c e s  a r e  m a r k e t e d  by s e v e r a l  f i r m s .  As an 

e x a m p l e ,  H i t e c  C o r p o r a t i o n  (1980) q u o t e s  a c c u r a c i e s  from 0 . 1  p e r c e n t  t o  

0 .2  p e r c e n t  f o r  i t s  p r o x i m i t y  s e n s o r s  and ,  f o r  some m o d e l s ,  t e m p e r a t u r e  r a n g e s  

f rom k r y o g e n i c  t e m p e r a t u r e s  t o  1500°F.  The c a p a c i t i v e  gauge p r o t o t y p e s  d e -  

v e l o p e d  a t  t h e  U n i v e r s i t y  o f  Wash ing ton  ( G a r b i n i  and Mauer,  1984) a l s o  show 

a c c u r a c i e s  b e t t e r  t h a n  1 p e r c e n t  f . s . d .  ( f u l l  s c a l e  d e f l e c t i o n )  a s  w e l l  as  

e x c e l l e n t  r e p e a t a b i l i t y  and l o n g . t e r m  s t a b i l i t y .  

2 .2  Des ign  C o n s i d e r a t i o n s  

The d e s i g n  c o n s i d e r a t i o n s  a r e  b a s e d  on a s e t  o f  DOD r e q u i r e m e n t s  p r o v i d e d  

by AEDC: 

o Temperature Range - -I0 to 2250F 

o Velocity Range - 0 to 600 ft/s 

o Frequency  Response  - 0 t o  200 Hz 

o L ine  P r e s s u r e  V a r i a t i o n  - 0 t o  200 p s i a  

o V i b r a t i o n  Envi ronment  - 10 G maximum wi th  a v i b r a t i o n a l  f r e q u e n c y  o f  

20 Hz t o  2 kHz 

n The p r e s s u r e  t o  be measured  by t h i s  d e v i c e  i s  d i f f e r e n t i a l  p r e s s u r e  
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The above  s p e c i f i c a t i o n s  c o r r e s p o n d  t o  t h e  ambien t  c o n d i t i o n s  i n  t h e  i n l e t  

plenum o f  an  a i r b r e a t h l n g  c e l l  ( T - I )  o f  the  Engine  T e s t  F a c i l i t y  a t  AEDC. One 

o f  the  i n t e n d e d  a p p l i c a t i o n s  f o r  t he  p r e s s u r e  t r a n s d u c e r  unde r  d e v e l o p m e n t  i s  

t o  m easu re  and m o n i t o r  t h e  p r e s s u r e  d rop  a c r o s s  a s c r e e n  in  t h a t  plenum o f  T-1 

c e l l .  Under c e r t a i n  o p e r a t i n g  c o n d i t i o n s ,  i c e  t ends  t o  form and a c c u m u l a t e  on 

t h e  s c r e e n ,  s i g n i f i c a n t l y  i n c r e a s i n g  the  p r e s s u r e  d rop  a c r o s s  t he  s c r e e n .  

For  e f f i c i e n t  o p e r a t i o n  o f  t h e  T-1 t e s t  c e l l ,  i t  i s  i m p o r t a n t  t o  a c c u r a t e l y  

c o r r e l a t e  t h e  p r e s s u r e  d rop  w i t h  t h e  e x t e n t  o f  t he  i c i n g  on t h e  s c r e e n  so  t h a t  

c o r r e c t i v e  m e a s u r e s  may be d e s i g n e d  and imp lemen ted .  For  o p e r a t i o n a l  c o n v e n -  

i e n c e ,  t h e  t r a n s d u c e r  d e v e l o p e d  f o r  t h i s  p u r p o s e  shou ld  be c a p a b l e  o f  o p e r a t i n g  

f o r  a t  l e a s t  s i x  months  b e f o r e  a r e c a l i b r a t i o n  i s  r e q u i r e d .  The e n v i r o n m e n t a l  

c o n d i t i o n s  i n  o t h e r  t e s t  c e l l s  a r e  q u i t e  s i m i l a r  t o  t h e  above  s p e c i f i c a t i o n s ,  

w i t h  p e r h a p s  h i g h e r  l i n e  p r e s s u r e  and t e m p e r a t u r e s  in  a few o f  them. T h e r e -  

f o r e ,  t h e  g o a l  i s  t o  d e v e l o p  a t r a n s d u c e r  w i t h  r a t e d  s p e c i f i c a t i o n s  a t  l e a s t  

m a t c h i n g  t h o s e  l i s t e d  a b o v e ,  t o  s i g n i f i c a n t l y  widen i t s  a p p l i c a t i o n s  unde r  

e x t r e m e l y  a d v e r s e  c o n d i t i o n s .  

In  o r d e r  t o  a c h i e v e  t h e  h i g h  n a t u r a l  f r e q u e n c y  r e q u i r e d  by DOD, t h e  p r i m a r y  

s e n s i n g  e l e m e n t  o£ t h e  c a p a c i t i v e  t r a n s d u c e r  must  be  a t h i n  p r e s t r e s s e d  e l a s t i c  

d i a p h r a g m .  The t h e o r y  o f  d i aph ragm d e f l e c t i o n s  and v i b r a t i o n s ,  d e s c r i b e d  i n  

H e i r o v i c h  (1967)  and Timoshenko (1959) ,  d i c t a t e s  t h a t  d i aphragm p r e s t r e s s  be  

h i g h  and t h a t  d l aphragm d i a m e t e r  be a s  s m a l l  as  p o s s i b l e .  On t h e  o t h e r  hand ,  

t h e  c a p a c i t a n c e  g e n e r a t e d  by  t h e  d i aph ragm and t h e  f i x e d  p l a t e  shou ld  be  a s  

l a r g e  a s  p o s s i b l e ,  t o  e n s u r e  t h e  b e s t  f r e q u e n c y  s t a b i l i t y  in  t he  o s c i l l a t o r  

c i r c u i t .  A l s o ,  f o r  good s e n s i t i v i t y ,  a s m a l l  d i aph ragm d e f l e c t i o n  must  

g e n e r a t e  t h e  maximum change  o f  c a p a c i t a n c e .  Th i s  i s  a c h i e v e d  by p l a c i n g  t h e  

f i x e d  p l a t e  so  c l o s e  t o  t h e  d i aph ragm t h a t  c o n t a c t  ( c u r r e n t  f low)  i s  b a r e l y  

a v o i d e d  when t h e  l a r g e s t  p r e s s u r e  s i g n a l  i s  a p p l i e d .  

To v e r i f y  t h e o r e t i c a l  f i n d i n g s  f o r  t h e i r  a p p l i c a t i o n  to  a c a p a c i t i v e  

p r e s s u r e  s e n s o r ,  two c a p a c i t i v e  mic rophone  c a r t r i d g e s  were  s e l e c t e d  and t e s t e d :  

t h e  Brue l  & K j a e r  Type 4133 w i t h  a 1 .2  cm d i aph ragm d i a m e t e r  and t h e  Type 4136 

w i t h  a 0 . 6 - c m  d i a p h r a g m .  The t e s t  r e s u l t s  a r e  c o n s i s t e n t  w i th  t he  t h e o r e t i c a l  

p r e d i c t i o n s .  C a p a c i t i v e  s e n s o r  p a r a m e t e r s  a v a i l a b l e  f rom the  m a n u f a c t u r e r ,  

i n c l u d i n g  d a t a  on n a t u r a l  f r e q u e n c y ,  t e m p e r a t u r e  c o e f f i c i e n t  and s e n s i t i v i t y  t o  

v i b r a t i o n s ,  were  c o n s i s t e n t  w i th  t he  e x p e r i m e n t a l  r e s u l t s .  
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3. LABORATORY FACILITIES 

All research and development were conducted in FLOW's Fluid Mechanics 

L a b o r a t o r y  and in  t he  l a b o r a t o r y  o f  t he  Mechan ica l  E n g i n e e r i n g  D e p a r t m e n t ,  

University of Washington. This section describes the laboratory facilities 

used for the above work. 

FLOW's Fluid Mechanics Laboratory is equipped for conductlng experiments to 

determine a variety of fluid properties and flow characteristics. Only those 

facilities pertinent to the present research and development are described 

below. 

3 .1  On-Line Data  A c q u i s i t i o n  System 

The l a b o r a t o r y  i s  equ ipped  wi th  a m i n i c o m p u t e r  f o r  o n - l i n e  d a t a  a c q u i s i t i o n  

and a n a l y s i s .  T h i s  s y s t em  c o n s i s t s  o f  a NOVA 800 m i n i c o m p u t e r  wi th  a 32K c o r e  

and p e r i p h e r a l  e q u i p m e n t ,  which i n c l u d e s  ( i )  two m a g n e t i c  d i s k  d r i v e s ,  an Iomec 

and a D i a b l o ,  each  h a v i n g  a 2.5M word c a p a c i t y ,  ( i i )  a Wang 9 - t r a c k ,  800-BPI 

m a g n e t i c - t a p e  d r i v e ,  ( i i i )  a Houston I n s t r u m e n t  OPl i n c r e m e n t a l  p l o t t e r ,  ( i v )  a 

V e r s a t e c  model l l00A e l e c t r o s t a t i c  p r i n t e r - p l o t t e r ,  ( v )  a T e k t r o n i x  CRT and 

h a r d c o p i e r  u n i t ,  and ( v i )  a T e l e t y p e .  In  a d d i t i o n ,  t he  compute r  i s  equ ipped  

wi th  f l o a t i n g - p o i n t ,  i n t e g e r - m u l t i p l y - d i v i d e ,  d i g i t a l  I / 0  and d i g i t a l / a n a l o g  

c o n v e r s i o n  ha rdware  f o r  a n a l o g  i n p u t  d a t a .  

The signal conditioner has a total of 48 analog input channels. Each 

channe l  has  t h r e e  s w i t c h a b l e  low p a s s  f i l t e r s .  Of t h e s e  48 c h a n n e l s ,  32 have  

a d d i t i o n a l  dc v o l t a g e  o f f s e t .  The maximum s a m p l i n g  r a t e  i s  250K p e r  s e c o n d .  

R e c e n t l y ,  FLOW a c q u i r e d  a 16 -channe l  m i c r o c o m p u t e r - c o n t r o l l e d  programmable  

s i g n a l  c o n d i t i o n e r  m a n u f a c t u r e d  by Datacon  E l e c t r o n i c s  (Model PSC-16) .  I n d i v i -  

dt la l  c h a n n e l s  have  the  s e p a r a t e  programmable  f u n c t i o n s  o f  l o w - p a s s  f i l t r a t i o n  

(4 poles, 8 discrete settings), gain setting (0 to 25.5 with an increment of 

0. I) and dc voltage offset (-I0 to +10 volts with an increment of 80 my). Once 

s e t ,  a l l  t h e s e  f u n c t i o n s  o f  i n d i v i d u a l  c h a n n e l s  may be loaded  i n t o  memory and 

s u b s e q u e n t l y  r e c a l l e d .  T h i s  p rogrammable  s i g n a l  c o n d i t i o n e r ,  i n s t e a d  o f  the  

o l d e r  one ,  was used in  t h e  p r e s e n t  i n v e s t i g a t i o n .  

A set of  computer programs is available f o r  statistical and spectral 

analysis of the data. The spectrum is estimated by performing a fast-Fourier 

t r a n s f o r m a t i o n  o f  t he  a u t o -  o r  c r o s s - c o v a r i a n c e  f u n c t i o n  o f  a t ime s e r i e s .  Each 

time s e r i e s  is divided into eight segments of lengths I/8N, where N equals 

8192, the total number of points used for the spectral estimation. A sample of 
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the  spectrum is  e s t ima ted  from each o f  the e i g h t  segments,  and these  samples 

a r e  then averaged to  gene ra t e  the  mean spectrum. The spectrum i s  then smoothed 

by us ing  a Parzen  window. T h e r e f o r e ,  the  degree  o f  freedom f o r  the  da ta  i s  30 

and the s tandard  e r r o r  i s  e s t ima ted  to  be 26Z. The 95% conf idence  l i m i t  fo r  

the  spectrum ( Jenk ins  and Watts ,  1968) i s  ( 0 . 6 3 S ( f ) ,  1 . 7 8 S ( f ) )  where S(E) i s  

the  s p e c t r a l  d e n s i t y .  The 95Z conf idence  l i m i t  i s  r e p r e s e n t e d  by an e r r o r  bar  

in  the cor responding  f i g u r e s  p resen ted  l a t e r  in  t h i s  r e p o r t .  

3.2 N ic o l e t  V i 6 i t a l  Osc i l l o scope  

The N i c o l e t  4094 d i g i t a l  o s c i l l o s c o p e  c o n s i s t s  o f  t h r e e  main components: 

the  mainframe, the  Hodel 4562 p l u g - i n  and the XF-44/1 d i sk  r e c o r d e r .  The 

mainframe inc ludes  a d i s p l a y  memory, d i s p l a y  sc reen  and va r i ous  c o n t r o l s  to  

manipula te  the d i s p l a y  sc reen  components. The c o n t r o l s  f e a t u r e  h o r i z o n t a l  and 

v e r t i c a l  expansion to  x256, a u t o c e n t e r i n g ,  cho ice  o f  XY and XT d i s p l a y s ,  16K 

word d i s p l a y  memory which can be l e f t  i n t a c t  o r  d iv ided  i n t o  ha lves  or  q u a r t e r s ,  

and m u l t i p l e  f u n c t i o n  a b i l i t i e s  i nc lud ing  a r i t h m e t i c  man ipu la t ions ,  e l e c t r o n i c  

g r a t l c u l e ,  and pen r e c o r d i n g  o u t p u t s .  

The Nodel 4562 p l u g - i n  inc ludes  two 1 2 - b i t ,  500-nanosecond d i g i t i z e r s .  

Other  p l u g - i n  f e a t u r e s  inc lude :  two high- impedance,  d i f f e r e n t i a l  a m p l i f i e r s ;  

s i n g l e  16K word memory; s ing le -ended  or  d i f f e r e n t i a l  a m p l i f i e r s ;  p o s i t i v e ,  

nega t i ve  or  dual  s lope  t r i g g e r i n g ;  normal,  p re -  and p o s t - t r i g g e r ,  and de layed  

t r i g g e r  d i s p l a y s ;  a t r i g g e r  view mode f o r  s e t t i n g  up the  t r i g g e r i n g  t h r e s h o l d ;  

low-pass f i l t r a t i o n ,  sweep and po in t  averag ing ;  e t c .  

The d i sk  r e c o r d e r  t r a n s f e r s  da ta  onto  the  f loppy d i s k e t t e  f o r  s t o r a g e .  The 

s t o r e d  da ta  can be r e c a l l e d  a t  a l a t e r  t ime f o r  i n s p e c t i o n  on the  s c r een .  The 

d i s k e t t e  i s  d iv ided  i n t o  twenty i n d i v i d u a l  r e c o r d s ,  each capable  o f  s t o r i n g  

e i t h e r  one (16K), two (gK), o r  four  (4K) da ta  groups .  A s e t  o f  23 programs a re  

a v a i l a b l e  from the  Stand Pak programs fo r  s t a t i s t i c a l  and waveform a n a l y s i s  of  

the  s i g n a l s  s t o r e d  on d i s k e t t e s .  For  examples,  t h e r e  a re  programs to  e s t i m a t e  

the  maximum and minimum, the  r i s e  time o f  a wave form, the  a r e a ,  and the  average  

and rms v a l u e s .  Programs a re  a l s o  a v a i l a b l e  f o r  d i f f e r e n t i a t i o n ,  i n t e g r a t i o n ,  

and i n v e r s i o n  o f  the  s i g n a l s .  

3 .3  Spec ia l  Apparatus 

Two s p e c i a l  appara tus  were designed and assembled to  de te rmine  the  dynamic 

response  o f  the c a p a c i t i v e  p res su re  t r a n s d u c e r  under development.  A dynamic 
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test stand was constructed to determine the rise time of the transducer. This 

consists of a thin air jet chopped mechanically by a rotating slot wheel, which 

serves as a fast action on-off valve. The jet impinges onto a O•38-mm hole 

drilled on an aluminum cap that covers the pressure sensor of the transducer. 

The transducer measures the total pressure of the jet which is chopped at very 

high frequency. To simulate the pressure drop across the screen in the inlet 

plenum of the T-I test cell at the AEDC Engine Test Facility, a pipe flow 

system was constructed with several stainless steel screens and perforated 

plates installed. 

Figure 2 shows the drawing of the setup of the dynamic test stand• The jet 

is formed by forcing air pressurized up to I00 psi through a small sapphire 

nozzle, which is secured in a holder housed in a stainless steel body. The 

diameter of the nozzle orifice is 0.12 cm. Upstream of the nozzle, there is 

settling plenum designed to optimize the coherence of  the jet. The nozzle 

assembly is a standard component of a FLOW Waternife Tbl, a commercial product 

which generates a high-pressure (up to 55,000 psi) waterjet for cutting and 

drilling various materials. 

As sho~ in the figure, the air jet as chopped mechanically by a ~otating 

slot wheel (11.4 cm in diameter), which is mounted on a Dremel portable drill 

press equipped with a variable-speed drill motor (I000 to 8000 rpm). The slot 

wheel is placed between t h e  air jet and t h e  pressure transducer. Two quarter 

sections of the outside 1.3 cm of slot wheel are removed opposite to each 

other. The jet is centered between the inner and outer diameters of the wheel 

with t h e  transducer directly below t h e  air jet. 

A pipe system was assembled to simulate the pressure drop across the screen 

at the inlet of the T-I test cell at AEDC (Figure 3). Filtered high-pressure 

air up to I00 psi is fed into a steel pipe 1.6 cm in diameter. In the middle 

of the setup, two pipes are joined together. Sandwiched between the pipes are 

s e v e r a l  stainless steel screens (30 meshes) and plates perforated with 0.l-cm 

diameter holes spaced by 0•26 cm apart (center-to-center). The differential 

pressure across the screens and plates is measured by two pressure trans- 

ducers, one under development and the other a Micro Switch Model 142PCOSD (see 

Section 3.7), as a calibrator with known characteristics, at two pressure taps 

upstream and downstream of the screens and plates. The Micro Switch transducer 

is a solid-state piezoresistlve device with a relatively high response time, 

better than 1 ms. The number of screens and plates and the sizes of the 
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Figure 2. Setup for  Dynamic  Test  of  Pressure Transducer  
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o p e n i n g s  may v a r y  t o  g e n e r a t e  a s u i t a b l e  p r e s s u r e  d rop  a c r o s s  t h e  s c r e e n  w i t h  

a r e l a t i v e l y  wide r a n g e  o f  s p e c t r a l  components  in  b o t h  t h e  f r e q u e n c y  and wave-  

number domains .  The s t e e l  p i p e  can  be  h e a t e d  up e a s i l y  t o  s t u d y  t h e  e f f e c t  o f  

e l e v a t e d  t e m p e r a t u r e  on t h e  t r a n s d u c e r  o u t p u t .  

3 . 4  Mechan i ca l  S hake r  

A m e c h a n i c a l  s h a k e r  (L ing  E l e c t r o n i c s  Type 408) was used  to  t e s t  the  c a p a -  

c i t i v e  s e n s o r  f o r  s e n s i t i v i t y  t o  v i b r a t i o n s .  The s h a k e r  o p e r a t e s  in  a f r e q u e n c y  

r a n g e  f rom 5 Hz t o  9 kHz and c a n  d e l i v e r  f o r c e s  up t o  55 l b ,  c r e a t i n g  a c c e l e r -  

a t i o n s  up to 70 G. According to  the s p e c i f i c a t i o n s  l i s t e d  in  Sect ion 2 .2 ,  

acce le ra t ions  up to 14 G peak (10 G r . m . e . )  vere generated. A K i s t l e r  Model 

80gK p i e z o e l e c t r i c  acce lero~eter  was used to measure the acce le ra t ions  

generated by the shaker.  Both the accelerometer and the capac i t i ve  pressure 

sensor were mounted d i r e c t l y  onto the shaker tab le  (F igure 4 ) .  The c a l i b r a t e d  

output  o f  the a m p l i f i e r  u n i t  o f  the accelerometer i s  10 mV/C. 

3 .5  Oven 
m ~  

A l a b o r a t o r y  oven  ( E l e c t r i c  Hotpack  Co . ,  Model 35732) was used  f o r  the  

t e m p e r a t u r e  t e s t s .  The oven  i s  t h e r m o s t a t i c a l l y  c o n t r o l l e d  and o p e r a t e s  in  a 

r a n g e  f rom 35 t o  260°C. 

3 . 6  P r e s s u r e  Gau~e 

T h r e e  p r e s s u r e  gauges  were  used  i n  t h e  f e a s i b i l i t y  s t u d y .  A B a r o c e l  

p r e c i s i o n  p r e s s u r e  t r a n s d u c e r  ( D a t a m e t r i c s ,  I n c . )  w i t h  a f u l l - s c a l e  p r e s s u r e  

o f  1000 t o r r s  o r  19 .34  p s i  was used  f o r  s t a t i c  c a l i b r a t i o n  ( S e c t i o n  4 . 3 ) .  A 

5 p s i  d i aph ragm gauge  ( H a r s h a l l t o v n  I n s t r u m e n t s ,  Model G22702) w i t h  a 0 . 1  p s i  

g r a d u a t i o n  was used  t o  c a l i b r a t e  t h e  p r e s s u r e  t r a n s d u c e r s  p r i o r  t o  each  

e x p e r i m e n t s  i n  t h e  p i p e  f l o w  s y s t e m  ( S e c t i o n  4 . 4 . 2 ) .  For  t h e  dynamic t e s t s  

and the  f r e q u e n c y - r e s p o n s e  t e s t s  ( S e c t i o n  4 . 3 ) ,  a s o l i d  s t a t e  p i e z o r e s i s t i v e ,  

d i f f e r e n t i a l  p r e s s u r e  gauge (Micro  S wi t ch ,  Model 142PC05D) was s e l e c t e d .  T h i s  

p r o v i d e d  an  i n d e p e n d e n t  s e t  o f  b a s e  d a t a  by which t o  e v a l u a t e  t he  p e r f o r m a n c e  

o f  t h e  t r a n s d u c e r  unde r  d e v e l o p m e n t .  The maximum d i f f e r e n t i a l  p r e s s u r e  t h a t  

c a n  be measu red  w i t h  t h e  Micro  Swi tch  gauge i s  5 p s i .  Accord ing  to  l i t e r a t u r e  

f u r n i s h e d  w i t h  t h e  t r a n s d u c e r ,  t h e  c a l i b r a t i o n  i s  p r a c t i c a l l y  l i n e a r  and t h e  

r i s e  t i m e  in  r e s p o n s e  t o  a p r e s s u r e  p u l s e  i s  b e t t e r  t h e n  1 me. 
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OSCILLOSCOPE H BAND PASS 
FILTER 

/--CAPACITIVE PRESSURE 

~ . - /  SENSOR 

. - " 

TO AMP ; ~ ~ . . r f  TABLE 

INPUT 200 Hz 
SINE WAVE 

SHAKER I a(t) 

Figure 4. Schematic of a Vibration Test Stand 

3.7 Other Equipment 

The manufacturln8 automation laboratory at the University of Washington is 

a modern facility equipped for the development and testing of electronic 

instrumentation. Equipment available for this project included: 

o Several dual channel Tektronix 5110 oscilloscopes, one Tektronix two- 

channel Type 468 digital storage oscilloscope 

o Three Fluke 1700/2400 laboratory computers equipped for automated 

measurement and c o n t r o l  t a s k s  

o Computing and g r a p h i c s  f a c i l i t i e s  (PDP 11/44 computer  sy s t em)  

o A Fluke Type 1953A c o u n t e r / t i m e r  f o r  f r e q u e n c i e s  up t o  10 GHz 

]9 
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4 .  RESULTS OF RESEARCH AND DEVELOPNENT 

T h i s  s e c t i o n  p r e s e n t s  t he  r e s u l t s  o f  t h e  r e s e a r c h  and deve lopmen t  c o n d u c t e d  

i n  Phase  I t o  d e t e r m i n e  t h e  f e a s i b i l i t y  o f  u s i n g  a c a p a c i t i v e  p r e s s u r e  t r a n s -  

d u c e r  f o r  t h e  p r o p o s e d  measu remen t s  ( s e e  S e c t i o n  2 ) .  

4 . 1  S e l e c t i o n  o f  t h e  P r i m a ry  S e n s o r s  

Once t h e  s p e c i f i c a t i o n s  and t h e  i n t e n d e d  measu remen t s  o f  t he  t r a n s d u c e r  

were  d e f i n e d ,  one o f  t he  most  c r i t i c a l  s t e p s  was t o  s e l e c t  a p r i m a r y  s e n s o r  f o r  

t h e  t r a n s d u c e r  t h a t  would mee t  o r  s u r p a s s  the  DOD r e q u i r e m e n t s .  F o l l o w i n g  t h e  

d e s i g n  c o n s i d e r a t i o n s  g i v e n  i n  S e c t i o n  2,  a s e t  o f  e s s e n t i a l  c r i t e r i a  was e s t a -  

b l i s h e d  f o r  t he  p r i m a r y  s e n s o r .  P r o p e r  s e l e c t i o n  o f  t h e  p r i m a r y  s e n s o r  was 

c o n s i d e r e d  t h e  key  t o  t he  s u c c e s s  o f  s u b s e q u e n t  r e s e a r c h  and d e v e l o p m e n t ,  and 

o f  e s t a b l i s h i n g  the  f e a s i b i l i t y  o f  t h e  c o n c e p t .  T h e r e f o r e  a c a r e f u l  s e a r c h  

was made t o  l o c a t e  p o t e n t i a l l y  a p p l i c a b l e  commerc i a l  p r o d u c t s  b e f o r e  d e s i g n i n g  

and f a b r i c a t i n g  a new s e n s o r .  A f t e r  s c r e e n i n g  and r e v i e w i n g  i n f o r m a t i o n  

o b t a i n e d  f rom m a n u f a c t u r e r s  o f  p r e s s u r e  t r a n s d u c e r s  and c o n d e n s o r  m i c r o p h o n e s ,  

two c o n d e n s e r  m ic rophone  c a r t r i d g e s  m a n u f a c t u r e d  by B r u e l  & K j a e r  (B & K 

Type 4136 and 4133)  were found to  be  t h e  mos t  p r o m i s i n g .  The 0 . 6 - c m  d i a m e t e r  

Type 4136 c a r t r i d g e  was e s p e c i a l l y  s u i t a b l e  f o r  u s e  a s  t h e  p r i m a r y  s e n s o r  f o r  

t he  t r a n s d u c e r .  T a b l e  1 compares  t h e  r e q u i r e d  and r a t e d  s p e c i f i c a t i o n s  f o r  

t h e  B & K Type 4136 c a r t r i d g e .  O t h e r  r e l e v a n t  s p e c i f i c a t i o n s  o f  t he  c a r t r i d g e s  

a r e  g i v e n  i n  a c o m p r e h e n s i v e  m a s t e r  c a t a l o g  (B a K, 1983) and a handbook 

(B & K, 1982) .  An i n - d e p t h  d i s c u s s i o n  o f  the  e n v i r o n m e n t a l  e f f e c t s  on the  

c a r t r i d g e  i s  p r o v i d e d  in  S e c t i o n  4 . 5 .  

I t  i s  c l e a r l y  d e m o n s t r a t e d  i n  T a b l e  1 and in  t h e  r e f e r e n c e d  l i t e r a t u r e  

t h a t  t h e  s p e c i f i c a t i o n s  o f  t he  c a r t r i d g e  s u r p a s s  most  o f  t he  DOD r e q u i r e m e n t s .  

With  p r o p e r  m o d i f i c a t i o n s  o f  t h e  c a r t r i d g e ,  a s  d i s c u s s e d  in  t he  n e x t  s u b s e c t i o n  

and S e c t i o n  5 ,  i t  i s  a n t i c i p a t e d  t h a t  t h e  p r i m a r y  s e n s o r  w i l l  s u r p a s s  a l l  t h e  

DOD r e q u i r e m e n t s .  T h e r e f o r e ,  t h e  t r a n s d u c e r  unde r  d e v e l o p m e n t  has  the  p o t e n -  

t i a l  f o r  measu remen t s  in  more a d v e r s e  e n v i r o n m e n t s  t h a n  t h a t  o f  t h e  i n t e n d e d  
a p p l i c a t i o n s .  

4 . 2  N o d i f i c a t i o n s  o f  C a r t r i d s e  C o n f i g u r a t i o n =  

The B & K c a r t r i d g e s  a r e  d e s i g n e d  t o  measure  ac  a c o u s t i c  p r e s s u r e .  Modi-  

f i c a t i o n s  o f  i t s  c o n f i g u r a t i o n  and r e d e s i g n  o f  t h e  e l e c t r o n i c s  a r e  n e c e s s a r y  

t o  c o n v e r t  them i n t o  t h e  p r i m a r y  s e n s o r  o f  the  p r e s s u r e  t r a n s d u c e r  f o r  t he  
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Table  1. Comparison o f  Requi red  and Rated S p e c i f i c a t i o n s  

DOD Rated 

Specifications (B & K 4136)*  

Temperature Range (°F) 

Velocity Range (ft/s) 

Frequency Response (Hz) 

Line Pressure Variation (psia) 

Vibrational Environment 

Maximum Differential Pressure 

(paid) 

-I0 to 225 -58 to 302 

0 to 600 E/A 

0 to 200 up to 70,O00t 

0 to 200 ** 

10 C (20 Hz to  2 kHz) l e s s  than  0.1% 
e r r o r  f o r  10 G 
a x i a l  v i b r a t i o n  

2 g r e a t e r  than  

*From Bruel and Zjaer (1982). 
tFor ac signals only; modifications required for dc slgnals. 

** No data available, but calibration has been made up to 147 psis on one side 
of the diaphragm, which is made of nickel about 5 ~m thick. 

intended measurements of dc pressure differentials. Consequently, two con- 

nectors were des igned  and f a b r i c a t e d  f o r  the  Type 4133 and 4136 c a r t r i d g e s  

( F i g u r e  5) ,  and a s e n s o r  h o u s i n g  was b u i l t  f o r  the  Type 4136 c a r t r i d g e  

( F igu re  6 ) .  The c o n n e c t o r s  a re  f o r  hookups to  the  s e n s o r  power supp ly  and to  

the  f r e q u e n c y  d e m o d u l a t o r .  The c a r t r i d g e  hous ing  p r o t e c t s  the  diaphragm and 

provides high- and low-pressure ports connecting to the differential pressure 

s o u r c e .  

4.3 Electronic Circuits 

Two electronic circuits were developed and tested to determine suitability 

for the transducer under development. These circuits used the principles of 

frequency and amplitude modulation (FM and AM), respectively. The circuits 

were evaluated for sensitivity, linearity, frequency response and temperature 

stability. Most of the static calibration and all the dynamic tests 

documented in this report were conducted with the FH circuit. The AM circuit 

was subsequently developed as an alternate to the FM circuit. 
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B&K TYPE 4136 MICROPHONE CARTRIDGE 

HOUSING FOR MICROPHONE CARTRIDGE 

HOUSING FOR OSCILLATOR 

TEFLON INSULATOR CONNECTOR 

LOW PRESSURE PORT 
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Figure 6. Housing for the B&K Type 4136 Cartridge 
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4 . 3 . 1  F r e q u e n c y  Modula ted  C i r c u i t  

The FM c i r c u i t  i s  shown in  F i g u r e  7. A s q u a r e  wave o s c i l l a t o r  was 

d e v e l o p e d  and b u i l t  f o r  u se  w i t h  t h e  c a p a c l t a n c e - b a s e d  p r e s s u r e  t r a n s d u c e r .  A 

d e s i g n  g o a l  f o r  t he  o s c i l l a t o r  i s  t h a t  t h e  f r e q u e n c y  shou ld  be o p t l m a l l y  d e p e n -  

d e n t  on t h e  v a l u e  o f  p robe  c a p a c i t a n c e .  ~ l e  s q u a r e  wave o s c i l l a t o r  f r e q u e n c y  

w i l l  v a r y  aC t w i c e  t h e  r a t e  o f  a s i n e  wave o s c i l l a t o r  f o r  t he  same v a r i a t i o n  

i n  p robe  c a p a c i t a n c e .  T h i s  can  be r e a d i l y  u n d e r s t o o d ,  s i n c e  a s q u a r e  wave 

g e n e r a t o r  has  a f r e q u e n c y  law t h a t  i s  p r o p o r t i o n a l  t o  I /RC,  where R i s  the  

f e e d b a c k  r e s i s t a n c e  and C i s  t he  t o t a l  s y s t e m  c a p a c i t a n c e .  A s i n e  wave 

g e n e r a t o r  h a s  a f r e q u e n c y  law Chat i s  p r o p o r t l o n a l  t o  1 /~L-~ ,  where  L i s  t he  

i n d u c t a n c e .  

The p r e s s u r e  t r a n s d u c e r  has  a c a p a c i t a n c e  on t h e  o r d e r  o f  10 p f ,  so  t h e  

o s c i l l a t o r  mus t  be  d e s i g n e d  to  f u n c t i o n  on e x t r e m e l y  s m a l l  c u r r e n t  l e v e l s .  I t  

i s  d e s i r a b l e  to  min imize  s t r a y  and c o n s t a n t  c a p a c i t a n c e s ,  which d e c r e a s e  d e v i c e  

s e n s i t i v i t y .  The o s c i l l a t o r  chos en  employs  a Schmidt  t r i g g e r  ( b i s t a b l e  h i g h -  

g a i n  i n v e r t e r )  w i t h  a h i g h - s p e e d  o p e r a t i o n a l  a m p l i f i e r .  An o p e r a t i o n a l  

a m p l i f i e r  i s  r e q u i r e d  s i n c e  t h e  i n p u t  c u r r e n t  o f  t h e  i n v e r t e r  w h i l e  s w i t c h i n g  

i s  g r e a t e r  t h a n  t h e  ch@rging c u r r e n t  o f  t he  p r o b e .  In  a d d i t i o n ,  an o p e r a t i o n a l  

a m p l i f i e r  w i t h  a s m a l l  o f f s e t  c u r r e n t  must  be  employed .  F requency  i n f o r m a t i o n  

i s  e x t r a c t e d  f rom t h e  s y s t e m  t h rough  a h i g h - l m p e d a n c e  b u f f e r  so t h a t  t he  

o s c i l l a t o r  f r e q u e n c y  w i l l  be  dependen t  on p robe  c a p a c i t a n c e  o n l y .  

F i g u r e  8 i l l u s t r a t e s  t he  a p p r o x i m a t e  wave forms  o b s e r v e d  a t  s e v e r a l  p o i n t s  

a round  t h e  o s c i l l a t o r  f e e d b a c k  l o o p .  An a p p r o x i m a t e  0 .55  v o l t  o f f s e t  i s  

employed a c r o s s  t he  o p e r a t i o n a l  a m p l i f i e r  t o  a d j u s t  t h e  s q u a r e  wave d u t y  c y c l e  

to  50Z. The Schmidt trigger turns on and off when the input voltage goes 

below 0.85 volt and above 1.65 volt. Consequently, the input voltage must 

traverse 0.8 volts for each 1/2 cycle. The output of the Schmldt trigger is 

bistable, and jumps three volts upon switching° As can be seen in Figure 8, 

t h e  o u t p u t  o f  t h e  Schmldt  t r i g g e r  i s  a s i m p l e  RC c i r c u i t °  The v o l t a g e  a p p l i e d  

t o  t h e  c i r c u i t  a t  t h e  b e g i n n i n g  o f  each  1/2  c y c l e  i s :  

(3 + 0.8)/2 (2) 

The RC c h a r g i n g  e q u a t i o n  y i e l d s  t he  p e r i o d  f o r  a I / 2  c y c l e :  

0 . 8 / 1 . 9  = 1 - exp( - t /RC)  (3) 

24 



AEDC-TR-84-30 

12V - 12V 5V 

_.k. ,.1., __k_ 

12V 

SHAPE 
ADJUST 

12V 

- 12V 

5K 

5K 

12V 

- 12V 

® 
SIGNETICS 
NE5534 

5V 

m 

FREQUENCY 
ADJUST, 

70K 

50K 

Q PROBE ~ 
OUTPUT 

__L_- 
m 

BUFFER 
OUTPUT 

PROBE "I[1" 
I 

Figure 7. Frequency M o d u l a t e d  Circuit  
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S o l v i n g  f o r  t and doubl ing  y i e l d s  the  per iod  o f  a £ u l i  c y c l e :  

T = 1.093 RC (4) 

The f requency  e q u a t i o n  i s  v a l i d a t e d  throush  vary in8  the  r e s i s t o r  and capa-  

c i t o r  v a l u e s  by known amounts .  A f t e r  con£ ideuce  i s  8a ined  i n  the  r e l a t i o n -  

s h i p ,  the  output  frequency  can be employed t o  determine  the  v a l u e s  o f  sy s t em  

parameters. 

~ r o u g h  t h i s  techDique the stray capacitance of  the c i r c u i t r y  is  deter ~- 

miued to be 5.5  p£. In  a d d i t i o n , , t h e  1/4" microphone at  zero pressure has a 

capacitance of  6 .3  p£. Frequency versus pressure data can be employed to 

determine  the  c a p a c i t a n c e  v e r s u s  p r e s s u r e  r e l a t i o n s h i p  shown i n  Figure  9 .  
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The va lue  o f  capac i tance  which should be employed in  the above f requency 

r e l a t i o n s h i p  i s :  

C : CNicrophone + Cstray (5)  

Note t h a t  the microphone capac i tance increases by 0.43 p f  when the pressure is  

r a i s e d  to 150 T o r r .  

F igu re  10 shows the phase- locked loop (PLL) demodulator c i r c u i t  tha t  was 

used f o r  the  dynamic measurements .  P r e l i m i n a r y  e x p e r i m e n t a t i o n  wi th  f a s t  

dynamic p r e s s u r e  v a r i a t i o n s  has  shown t h a t  the  PLL c i r c u i t  i s  s u i t a b h  f o r  

p r e s s u r e  f r e q u e n c y  v a r i a t i o n s  o f  10 kHz and beyond.  

A Ba r oce l  p r e c i s i o n  p r e s s u r e  t r a n s d u c e r  was employed to  de te rmine  the  

s t a t i c  c a l i b r a t i o n  cu rve  o f  the  c a p a c i t i v e  p r e s s u r e  t r a n s d u c e r  and o f  t he  

o s c i l l a t o r  c i r c u i t .  The Baroce l  p r e s s u r e  gauge i s  c a l i b r a t e d  in t o r r s  

(1 t o r r  = 0 .01934 p s i ) ,  and the  maximum p r e s s u r e  d i E f e r e n c e  used in  t he  

e xpe r imen t s  was 150 t o r r  ( 2 . 9  p s i ) .  F i g u r e s  l l a  and l i b  show the  r e c o r d e d  

c a l i b r a t i o n  c u r v e s  u s i n g  two o s c i l l a t o r  f r e q u e n c i e s  a t  z e r o  p r e s s u r e  d i f f e r -  

ence .  F i g u r e  12 i s  the  c o r r e s p o n d i n g  PLL v o l t a g e  o u t p u t  c a l l b r a t l o n  f o r  the  

same c o n d i t i o n  as  in  F igure  11. A l l  c a l i b r a t i o n  c u r v e s  were r e c o r d e d  wi th  t he  

Type 4136 microphone c a r t r i d g e .  From the  t h r e e  f i g u r e s ,  we have demons t r a t ed  

t h a t  the  o s c i l l a t o r  c i r c u i t  may be o p t i m a l l y  tuned to  p rov ide  nea r  l i n e a r  o u t -  

p u t s  wi th  p r e s s u r e .  The l a r g e r  Type 4133 c a r t r i d g e  ( l . 2 - c m  in  d i a m e t e r )  was 

used d u r i n g  the  e x p e r i m e n t a l  o s c i t l a t o r  d e s i g n  p r o c e s s ,  because  i t  a l l ows  s t u d y  

o f  the  i n f h e n c e  o f  v a r y i n g  c u r r e n t s  th rough  the  c a p a c i t a n c e  wi th  r e s p e c t  to  

the  o v e r a l l  c i r c u i t  s t a b i t l t y ,  l lowever, t h i s  c a r t r i d g e  i s  no t  s u i t a b l e  f o r  

p r e s s u r e  d i f h r e n c e s  above 1 p s i .  

4 . 3 . 2  Ampl i tude Modulated C i r c u i t  

The AM o s c i l l a t o r / d e m o d u t a t o r  c i r c u i t  are shown in  F igure  13a. An induc-  

tance i n  p a r a l l e l  i s  added to the capac i tance from the pressure t r ansduce r ,  

fc)rming an LC resonant  loop.  Th is  resonant  c i r c u i t  i s  d r i v e n  by a c r y s t a l -  

c o n t r o l l e d  o s c i l l a t o r  a t  a cons tan t  f requency near the LC resonant  f requency.  

V a r i a t i o n s  o f  capac i tance  a t  the pressure t ransducer  change the resonant  f r e -  

quency o f  the LC c i r c u i t .  The peak vo l t age  observed at  the LC c i r c u i t  i s  a 

measure o f  the capac i tance v a r i a t i o n .  When dynamic pressure  v a r i a t i o n s  occur ,  

the  envelope o f  the peak vo l t age  v a r i a t i o n s  rep resen ts  the capac i tance  and thus 

the pressure  s i g n a l ,  which can be r e t r i e v e d  us ing a d iode as a demodulator .  
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£he main advantage of the amp[itudem.od.lated capacitance detection circuit 

is its significantly higher stability ~s compared with the previously used FM- 

type oscillator. By using a temperature-stabilized, crystal-controlled oscil- 

lator as an input to the reson.~nt I,C circuit, temperature drift and frequency 

stability problems will be avoided as far as the electronic capacitance 

detection circuit is concerned. 

When connected to the capacitive pressure transducer the circuit provides 

.an electrical output signal proportional to pressure; as the transducer capaci- 

tance changes, the magnitude of the output waveform varies. Demodulation is 

achieved with a diode. Buffering is employed at botl! the input and output of 

t11e resonant circuit to optimize the response. At resonance, the amplitude of 

the LC element is ten times higher than the supply voltage. 
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The responsiveness of the resonant circuit is achieved by placing the 

driving frequency near the pole of the transfer function. For the LC circuit 

employed here the pole pair of the transfer function is found slightly to the 

left of the imaginary axis point I/Vf~. Maximum responsiveness is achieved 

when the driving frequency gives an output 3dB below the resonant peak 

(Figure 13b). Over the pressure range of our measuring device a linear rela- 

tionship to output voltage is achieved. Figure 14 shows the calibration curve 

obtained with the AM circuit. By comparing this result to Figure 9 the rela- 

tionship of demodulated output voltage to capacitance variation can be 

obtained. 

4.4 Dynamic Tests 

Two series of experiments were conducted to determine the dynamic response 

of the pressure transducerj using the modified B & K Type 4136 cartridge as 

the primary sensor. These tests and their results are described below. 
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4 . 4 . 1  D e t e r m i n a t i o n  o f  R i s e  Time 

To d e t e r m i n e  t h e  r i s e  t ime  o f  t he  p r i m a r y  s e n s o r  in  r e s p o n s e  t o  a p r e s s u r e  

p u l s e ,  a s e r i e s  o f  e x p e r i m e n t s  was c o n d u c t e d  u s i n g  the  dynamic t e s t  s t a n d  

d e s c r i b e d  i n  S e c t i o n  3 .3  ( F i g u r e  2 ) .  To c a l i b r a t e  t h e  m e a s u r e m e n t s ,  t he  same 

e x p e r i m e n t s  were  c o n d u c t e d  u s i n g  t h e  Micro  Switch  p r e s s u r e  t r a n s d u c e r  

( S e c t i o n  3.6) .  

Dur ing  t h e  e x p e r i m e n t s ,  t h e  h i g h - p r e s s u r e  p o r t s  o f  t h e  t r a n s d u c e r s  were 

c o v e r e d  w i t h  an aluminum cap  t h rough  which a 0.38-mm v e n t i l a t i o n  h o l e  was 

d r i l l e d .  Th i s  cap  was used  a s  a t o t a l  p r e s s u r e  p r o b e  p l a c e d  d i r e c t l y  below 

t h e  a i r  j e t .  As t h e  s l o t  wheel  r o t a t e s ,  t he  p r e s s u r e  t r a n s d u c e r  e x p e r i e n c e s  a 

n e a r l y  s q u a r e  wave p r e s s u r e  p a t t e r n  as  i t  i s  c y c l i c a l l y  exposed  t o  t he  

i m p i n g i n g  a i r  j e t .  The t r a n s i e n t  t i m e  o f  t he  o n - o f f  a c t i o n  i s  r e l a t i v e l y  

s h o r t ,  d e p e n d i n g  on t h e  s i z e  o f  t h e  j e t  and t h e  r o t a t i n g  speed  o f  t h e  s l o t  

whee l .  The t r a n s i e n t  r i s e  t ime  may be e s t i m a t e d  by d i v i d i n g  t h e  a i r  j e t  

d i a m e t e r  by  t h e  c i r c u m f e r e n t i a l  speed  o f  t he  s l o t  whee l .  For  t h e  p r e s e n t  

s e t u p ,  t h e  n o z z l e  d i a m e t e r  i s  0 . 1 2  cm and t h e  t r a n s i e n t  r i s e  t ime  i s  e s t i m a t e d  

t o  be  a b o u t  0 . 0 6  ms.  Measurements  o f  t h e  r i s e  t i m e ,  u s i n g  a K i s t l e r  

p i e z o e l e c t r i c  t r a n s d u c e r  (Model 207/61)  d r i v e n  by a K i s t l e r  P i e z o t r o n  Dual  

Mode A m p l i f i e r  (Model 504E) w i t h  a s y s t e m  r i s e  t ime  o f  1 .5  ~ s ,  shows t h a t  

t h e  r i s e  t i m e s  o f  t h e  p r e s s u r e  p a t t e r n  o f  t he  s e t u p  a r e  a b o u t  0 .1  and 0 .05  ms 

f o r  r o t a t i n g  speeds  o f  4000 and 8000 rpm, r e s p e c t i v e l y .  The measured  v a l u e s  

a r e  c o m p a r a b l e  w i t h  t he  above  e s t i m a t e d  v a l u e .  

F i g u r e  15 shows t h e  r e s u l t s  o f  t h e  dynamic t e s t s  w i t h  t h e  s l o t  wheel  

r o t a t i n g  a t  a b o u t  4200 rpm. The o r d i n a t e  i s  t he  o u t p u t  v o l t a g e ,  and the  

a b s c i s s a  i s  t h e  t i m e .  The s i g n a l s  measu red  w i t h  t h e  Micro Swi tch  and t h e  

c a p a c i t i v e  p r e s s u r e  t r a n s d u c e r s  a r e  shown in  F i g u r e  15a and 15b, r e s p e c -  

t i v e l y .  The s i g n a l s  were  r e c o r d e d  on 5 . 2 5 - i n  f l o p p y  d i s k s  u s i n g  a N i c o l e t  

d i s k  r e c o r d e r  ( X F - 4 4 / 1 ) .  Each r e c o r d  h a s  a t o t a l  o f  16K d a t a  p o i n t s ,  and the  

s a m p l i n g  t i m e  be tween  p o i n t s  i s  5 ~s .  Both s i g n a l s  show s q u a r e - w a v e - l i k e  

o u t p u t ,  which c o r r e s p o n d s  t o  t he  o n - o f f  c y c l e  impingement  o f  t h e  j e t  chopped 

by t h e  r o t a t i n g  s l o t  w h e e l .  

From t h e s e  s i g n a l s ,  t h e  r i s e  t ime  was e s t i m a t e d  u s i n g  a p rogram f u r n i s h e d  

w i t h  t h e  N i c o l e t  d i g i t a l  o s c i l l o s c o p e  ( S e r i e s  4094 ) .  The program c a l c u l a t e s  

t h e  t ime  and v o l t a g e  d i f f e r e n c e  be tween  two p o i n t s  on t h e  r i s i n g  ( o r  f a l l i n g )  

s l o p e  o f  a waveform.  The r i s e  t ime  i s  d e f i n e d  a s  t h e  t ime  be tween  10 and 90 

p e r c e n t  o f  t h e  maximum v o l t a g e  d i f f e r e n c e .  From t h r e e  r e c o r d s ,  each  c o n t a i n i n g  
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10 wave fo rms ,  t h e  r i s e  t ime  was e s t i m a t e d  t o  be  a b o u t  0 . 3  ms f o r  t h e  Micro  

Swi tch  t r a n s d u c e r  and 0 .7  ms f o r  t h e  c a p a c i t i v e  t r a n s d u c e r .  T h i s  t r a n s l a t e s  

i n t o  a f r e q u e n c y  r e s p o n s e  b e t t e r  t h a n  1 kHz~ w e l l  above  t h e  200 Hz s p e c i f i e d  

by DOD. 

As a p r e s s u r e  t r a n s d u c e r ,  t h e  Micro Swi tch  t r a n s d u c e r  h a s  a maximum r i s e  

t ime  o f  1 ms, according t o  t h e  m a n u f a c t u r e r .  The s l o w e r  r i s e  t ime  o f  t h e  

c a p a c i t i v e  t r a n s d u c e r  i s  due to  t he  l a r g e r  c a v i t y  i n s i d e  the  p r e s s u r e  p o r t s  

be tween  the  c a p i l l a r y  h o l e  (on which t h e  j e t  i s  i m p i n g i n g )  and the  s e n s i n g  

d i a p h r a g m .  From t h e  B & K d a t a  handbook (B & K, 1982) and the  c a l i b r a t i o n  

c h a r t  o f  t h e  i n d i v i d u a l  c a r t r i d g e ,  t h e  r e s o n a n c e  f r e q u e n c y  o f  t h e  Type 4136 

c a r t r i d g e  i s  a b o u t  70 kHz, and t h e  open c i r c u i t  p r e s s u r e  r e s p o n s e  i s  f l a t  up 

t o  a t  l e a s t  10 kHz.  When used  as  a p r e s s u r e  t r a n s d u c e r  in  t h e  p r e s e n t  c o n -  

f i g u r a t i o n ,  t h e  r e l a t i v e l y  l a r g e  d i a m e t e r  o f  t he  B a K c a r t r i d g e  ( 0 . 6  cm) 

r e s u l t s  i n  a l a r g e r  c a v i t y  s i z e  and a more i r r e g u l a r  c a v i t y  c o n f i g u r a t i o n  t h a n  

t h o s e  o f  t h e  Micro  Swi tch  t r a n s d u c e r .  The l a r g e r  t he  s i z e  o f  t h e  c a v i t y ,  t h e  

more damping o f  t he  p r e s s u r e  s i g n a l s  i s  a n t i c i p a t e d .  The d e s i g n  o f  t he  c a v i t y  

i n s i d e  t h e  p r e s s u r e  p o r t s  c o u l d  be  o p t i m i z e d  t o  f u r t h e r  i n c r e a s e  t h e  f r e q u e n c y  

r e s p o n s e  o f  t h e  c a p a c i t i v e  t r a n s d u c e r .  

4 . 4 . 2  D e t e r m i n a t i o n  o f  F requency  Response  

To d e t e r m i n e  t h e  f r e q u e n c y  r e s p o n s e  o f  t h e  c a p a c i t i v e  p r e s s u r e  t r a n s d u c e r ,  

a s e r i e s  o f  e x p e r i m e n t s  were  c o n d u c t e d  u s i n g  t h e  p i p e  f low s y s t e m  d e s c r i b e d  in  

S e c t i o n  3 . 3  ( F i g u r e  3 ) .  A t o t a l  o f  9 s c r e e n s  and 1 p e r f o r a t e d  p l a t e  were  used  

f o r  most  o f  t he  e x p e r i m e n t s .  At 20 p s i  l i n e  p r e s s u r e ,  t h e  mean p r e s s u r e  d rop  

a c r o s s  t h e  s c r e e n s  and the  p l a t e  was a b o u t  0 . 8 5  p s i .  

The o u t p u t s  o f  t h e  t r a n s d u c e r s  were  fed  i n t o  t he  p rogrammable  s i g n a l  

c o n d i t i o n e r  (Da tacon  E l e c t r o n i c s ,  Model PSC-16) .  Tbe o u t p u t s  f rom the  s i g n a l  

c o n d i t i o n e r  were  fed  i n t o  a Data  G e n e r a l  m i n i c o m p u t e r  t h r o u g h  an a n a l o g - t o -  

d i g i t a l  b o a r d .  Four  c h a n n e l s  were  used  to  measu re  t he  p r e s s u r e  d r o p  a c r o s s  

t h e  s c r e e n s  and p e r f o r a t e d  p l a t e s .  The f i r s t  and t h e  l a s t  two c h a n n e l s  were  

c o n n e c t e d  t o  t h e  o u t p u t  t e r m i n a l s  o f  t h e  Micro  Swi tcb  and c a p a c i t i v e  t r a n s -  

d u c e r s ,  r e s p e c t i v e l y .  Two d i f f e r e n t  f i l t e r s  r a n g i n g  f rom 50 t o  1000 Hz were 

used  f o r  each  o f  t h e  two c h a n n e l s .  Da ta  were  r e c o r d e d  a t  a s a m p l i n g  r a t e  

t w i c e  t h e  h i g h e r  f i l t e r  s e t t i n g  f o r  each  run .  Th i s  p r o c e d u r e  was d e s i g n e d  t o  

remove a l i a s l n g  f o r  s p e c t r a l  a n a l y s i s  o f  t h e  d a t a .  
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P r i o r  t o  each  s e t  o f  m e a s u r e m e n t s ,  t h e  two t r a n s d u c e r s  were  c a l i b r a t e d  

u s i n g  a 5 - p s i  d i a p h r a g m  gauge  ( S e c t i o n  3 . 6 ) .  For  c a l i b r a t i o n s ,  t h e  low 

p r e s s u r e  p o r t s  o f  t h e  two t r a n s d u c e r s  were d i s c o n n e c t e d  from t h e  p i p e  and t h e n  

c o n n e c t e d  t o  each  o t h e r .  The two p r e s s u r e  t a b s  on t h e  p i p e  l o c a t e d  a t  t he  

downst ream s i d e  o f  t h e  s c r e e n s  were  t hen  c l o s e d  and c o n n e c t e d  w i th  a Tygon 

t u b e .  The v a l v e  a t  t h e  downst ream end o f  t he  p i p e  was c l o s e d  d u r i n g  c a l i -  

b r a t i o n .  C a l i b r a t i o n  was a c c o m p l i s h e d  by p r e s s u r i z i n g  t h e  p i p e  a t  O, 0 . 5 ,  1 .0  

and 1.5 p s i .  A s e c o n d - d e g r e e  p o l y n o m i a l  was used  t o  b e s t  f i t  t h e  c a l i b r a t i o n  

d a t a .  

Figures 16 and 17 are two t y p i c a l  c a l i b r a t i o n  curves f o r  the Micro Switch 

t r a n s d u c e r  and t h e  c a p a c i t i v e  t r a n s d u c e r  unde r  d e v e l o p m e n t .  The a b s c i s s a  and 

o r d i n a t e  a r e  t h e  p r e s s u r e  i n  p s i  and the  o u t p u t  v o l t a g e .  The c a l i b r a t i o n  

measurements for the both transducers appear to be slightly nonlinear. Part 

of the nonlinearity is inherent to the diaphragm gauge, which is not a highly 

accurate instrument. Factory-furnished calibration of the Micro Switch 

transducer shows a linear trend in the calibration curve. In Phase II, FLOW 

proposes to acquire a precision pressure gauge for calibration of the trans- 

ducers. Meanwhile, the electronic circuit will be optimized to achieve better 

linearity. With the incorporation of the microprocessor, linear[zation of the 

calibration may be easily achieved. 

Figures 18 through 20 are time series of the measurements for three low 

pass filtration runs at 50, I00 and 500 Hz. The abscissa is the time in 

s e c o n d s  and t h e  o r d i n a t e  i s  t he  p r e s s u r e  d r o p  a c r o s s  t h e  s c r e e n s  and 

p e r f o r a t e d  p l a t e  i n  pounds p e r  s q u a r e  i n c h .  The s o l i d  and dashed  c u r v e s  

correspond to the signals simultaneously measured with the capacitive and 

Micro Switch transducers, respectively. The signals at 50 and I00 Hz are 

practically identical, with minor discrepancies likely attributed to the 

difference in the configuration and size of the cavities between the entrance 

of the pressure ports and the sensing elements, as discussed earlier. 

At 500 Hz, noticeable discrepancies are observed between the two simul- 

taneously r e c o r d e d  s i g n a l s .  I t  a p p e a r s  t h a t  the  f r e q u e n c y  r e s p o n s e  o f  t he  

capacitive transducer is inadequate, resulting in a relatively low amplitude 

of the high-frequency components. It turns outD however, that this inadequate 

frequency response is caused by the small size of the ventilation hole of the 

B & K microphone cartridge, which is connected to the low pressure port of the 

transducer. For acoustic pressure measurements, the ventilation hole was 
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specially designed to remove the dc components (B & K, 1983). The solution is 

simply to enlarge the ventilation hole. This will be done during Phase If, 

when modification or redesign of the primary sensor is considered and 

implemented. 

To quantify the effect of tile ventilation hole, the root-mean-square (~ns) 

values and the spectra of the pressure signals are calculated. The ratio of 

the rms pressure fluctuations measured with the capacitive transducer to those 

measured with the Micro Switch transducer versus the low pass filtration is 

shown in Figure 21. The data spread is estimated to be +5 percent, as indl- 

cared by an error bar on the figure. Below I00 Hz, the ratio is better than 

0.95. The small discrepancy may be partially due to the difference in the 

size and configuration of the cavity inside the pressure ports of the trans- 

ducer. The ratio drops gradually to about 0.8 at 500 ltz. From the fairing 

curve the ratio is better than 0.9 at 200 Hz. 

Dynamic tests revealed a O.7-ms rise time in the capacitive transducer 

with the present configuration. Therefore, it is anticipated that a frequency 

response better than I000 Hz can be achieved simply by enlarging the ventila- 

tion hole. Further increase in the frequency response may be achieved by 

optimizing the configuration and size of the cavity inside the pressure ports, 

a task to be conducted in Phase II. The abscissa and ordinate are respec- 

tively the frequency in hertz and the spectral density. ~le spectra were 

calculated from the autocorrelation of the slnglas via a fast Fourier trans- 

form scheme (Liu and Lin, 1982). The solid and dashed curves are the spectral 

density of the pressure signals measured with the capacitive and Micro Switch 

transducers, respectively. The error bars are the 95-percent confidence level 

of the spectral estimate. For a 50 Hz low-pass filtration, the pressure 

signals have practically no high frequency components. The two spectra are 

practically the same within the accuracy of the spectral analysis. 

Below 0.2 Hz the rising spectral density is believed to be caused by the 

low frequency variations in the pressure source. For a 500 Hz low pass fil- 

tration, the two spectra compare favorably, except at the high frequency end 

where a noticeable discrepancy is observed. Beyond 300 Hz, the spectra[ 

density calculated from the signals of the Micro Switch transducer continues 

to rise, whereas that of the capacitive transducer drops rapidly. Again, the 

discrepancy is caused by the small ventilation hole in the B & K cartridge, 

which limits the frequency response of the capacitive transducer. A simple 
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s o l u t i o n  i s  t o  open up the  v e n t i l a t i o n  h o l e ,  which may a c h i e v e  a f r e q u e n c y  

r e s p o n s e  b e t t e r  t h a n  1000 Hz a s  d i s c u s s e d  a b o v e .  

Note a l s o ,  f rom F i g u r e s  22 and 23, t h a t  t h e  s p e c t r a  show a v e r y  na r row 

f r e q u e n c y  r a n g e .  Th i s  i s  b e c a u s e  t he  o p e n i n g s  o f  t h e  s c r e e n s  and p e r f o r a t e d  

p l a t e  a r e  so  s m a l l  t h a t  o n l y  s m a l l  e d d i e s  w i t h  h i g h  f r e q u e n c y  c o n t e n t s  a r e  

g e n e r a t e d  a c r o s s  t h e  s c r e e n .  

To f u r t h e r  examine t h e  p e r f o r m a n c e  o f  t i e  c a p a c i t i v e  t r a n s d u c e r ,  t h e  c r o s s  

c o r r e l a t i o n  and c r o s s  s p e c t r u m  were  Q a l c u l a t e d  f o r  t h e  s i g n a l s  measu red  

s i m u l t a n e o u s l y  w i t h  t h e  two t r a n s d u c e r s .  F i g u r e  24 shows the  c o h e r e n c e ,  phase  

and magn i tude  v e r s u s  f r e q u e n c y ,  a s  d e r i v e d  f rom t h e  c r o s s  s p e c t r u m .  The 

f i g u r e  d e m o n s t r a t e s  t h a t  t h e  two s i g n a l s  a r e  h i g h l y  c o r r e l a t e d  up to  100 Hz, 

w i t h  c o h e r e n c e  b e t t e r  t han  0 . 8 ,  z e r o  phase  s h i f t  and a c o n s t a n t  m a g n i t u d e .  

Beyond 100 Hz, t h e  c o n s t a n c y  o f  t h e  c o h e r e n c e ,  t h e  phase  and t h e  m a g n i t u d e  

b e g i n  t o d e t e r i o r a t e  as  t h e  damping e f f e c t  o f  t h e  s m a l l  v e n t i l a t i o n  h o l e  on 

t h e  B b K c a r t r i d g e  becomes p r o g r e s s i v e l y  s t r o n g e r  w i t h  t h e  i n c r e a s i n g  

f r e q u e n c y .  The c r o s s  s p e c t r u m  a t  t h e  h i g h  f r e q u e n c y  end w i l l  be  examined i n  

g r e a t e r  d e t a i l  d u r i n g  Phase  I I ,  a f t e r  t h e  v e n t i l a t i o n  h o l e  i s  e n l a r g e d  and the  

c o n f i g u r a t i o n  and s i z e  o f  t h e  p r e s s u r e  p o r t s  a r e  o p t i m i z e d .  

4 . 5  D e t e n n i n a t l o n  o f  E n v i r o n m e n t a l  E f f e c t s  

From t h e  DOD s p e c i f i c a t i o n s  g i v e n  in  S e c t i o n  2,  t h e  p r e s s u r e  t r a n s d u c e r  

( e s p e c i a l l y  t he  p r i m a r y  s e n s o r )  under  deve lopmen t  i s  e x p e c t e d  t o  be  o p e r a t e d  

i n  a s e v e r e  e n v i r o n m e n t  o f  h i g h  t e m p e r a t u r e  and v i b r a t i o n .  Th i s  s e c t i o n  

examines  t h e  e f f e c t s  o f  t h e  h i g h  t e m p e r a t u r e  and v i b r a t i o n  e n v i r o n m e n t  on t h e  

p r i m a r y  s e n s o r  and t h e  e l e c t r o n i c  c i r c u i t s ,  and t h e  e x p e c t e d  e r r o r  due to  

t h e s e  e f f e c t s .  F i n a l l y ,  p o t e n t i a l  means t o  r e d u c e  t h i s  e r r o r  a r e  r e com-  

mended f o r  Phase  I I  r e s e a r c h  and d e v e l o p m e n t .  

4.5.1 Temperature Effects ~ 

One of the criteria for selecting the B & K microphone cartridges as the 

p r i m a r y  s e n s o r  i s  t h e i r  h i g h  t e m p e r a t u r e  r e s i s t a n c e  and s t a b i l i t y .  The 

m e c h a n i c a l  s e n s o r  components  c a n  be a f f e c t e d  by  t e m p e r a t u r e  v a r i a t i o n s  in  

t h r e e  ways:  

o E l o n g a t i o n  o r  s h r i n k a g e  o f  m a t e r i a l s :  Due t o  t h e  s m a l l  p h y s i c a l  d imen-  

s i o n s  o f  t h e  c a r t r i d g e ,  t e m p e r a t u r e - i n d u c e d  d i m e n s i o n a l  v a r i a t i o n s  a r e  
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snuall .  The c a r t r i d g e  was m a n u f a c t u r e d  w i t h  c a r e  t o  match  t h e  t e m p e r a -  

t u r e  c o e f f i c i e n t s  o f  t h e  d i aphragm and the  s u p p o r t i n g  body ,  so  t h i s  

t y p e  o f  t e m p e r a t u r e  e f f e c t  i s  n e g l i g i b l e .  

h 

V a r i a t i o n  o f  d i aph ragm p r e s t r e s s :  The n l c k l e  d i a p h r a g m w a s  p r e s t r e s s e d  

a t  t h e  t i m e  i t  was mounted o n t o  t h e  c a r t r i d g e .  The p r e s t r e s s  s t i f f e n s  

t h e  d i a p h r a g m .  The c o m p l e t e d  c a r t r i d g e  has  been  s u b j e c t e d  Co a h i g h -  

t e m p e r a t u r e  (302°F)  f o r c e d  a g i n g  p r o c e s s  Co e n s u r e  l o n g - t e r m  s t a b i l i t y .  

I t  c an  be used  c o n t i n u o u s l y  a t  t e m p e r a t u r e s  be tween  -58°F  and 302°F, 

and i n t e r m i t t e n t l y  a t  up t o  392°F,  though t h i s  i s  no t  recommended.  

Over  a long  p e r i o d  o f  t i m e ,  e s p e c i a l l y  when t h e  c a r t r i d g e  i s  c o n s t a n t l y  

exposed  t o  h i g h  t e m p e r a t u r e ,  d i aph ragm c r e e p  r e l i e v e s  some o f  t h e  

p r e s t r e s s .  The r e d u c e d  d i aph ragm s t i f f n e s s  i n c r e a s e s  t he  s e n s i t i v i t y  

o f  t h e  c a p a c i t i v e  s e n s o r .  A c c o r d i n g  Co B & K (1982) ,  t h e  r a t e  o f  

change  i n  t h e  s e n s i t i v i t y  i s  b e t t e r  t han  ldB p e r  2 h o u r s  a t  302°F. As 

s een  i n  F i gu re  25 ( t a k e n  from B & K, 1982, p .  8 3 ) ,  t he  change  o f  

s e n s i t i v i t y  a t  225°F i s  b e t t e r  t h a n  1 dB p e r  200 h o u r s .  At room 

t e m p e r a t u r e ,  t he  m a n u f a c t u r e r  c l a i m s  s t a b i l i t y  ou t h e  o r d e r  o f  1 dB p e r  

t hous and  y e a r s .  The r e f e r e n c e  p r e s s u r e  f o r  t h e  d e c i b e l  d e f i n i t i o n  i s  

20 ~Pa ( 2 . 9  x 10 - 9  p s i ) .  In  t he  l e a s t  f a v o r a b l e  c i r c u m s t a n c e s ,  t h e  

s e n s o r  w i l l  o p e r a t e  c o n t i n u o u s l y  a t  225°F.  

A f t e r  6 .1  x 107 h o u r s  ( o v e r  7000 y e a r s ) ,  t h e  r e l a t i v e  measuremen t  

e r r o r  c aus ed  by  t e m p e r a t u r e  d r i f t  o f  t h e  d i aphragm can  r e a c h  a maximum 

o f  0 .1  p e r c e n t  a t  I p s i .  Even unde r  t h e  w o r s t  c o n d i t i o n s ,  r e c a l i b r a -  

t l o n  o f  t h e  s e n s i t i v i t y  e v e r y  s i x  months  w i l l  be  more t h a n  a d e q u a t e  Co 

e n s u r e  t he  a c c u r a c y  f o r  l o n g - t e r m  o p e r a t i o n s .  For  a p p l i c a t i o n s  in  

e x t r e m e l y  h i g h  t e m p e r a t u r e s ,  howeve r ,  i t  i s  a d v i s a b l e  t o  p r o t e c t  t h e  

s e n s o r  by u s i n g  w a t e r  j a c k e t s  o r  o t h e r  p a s s i v e  d e v i c e s .  

V a r i a t i o n  o f  s e n s o r  c a p a c i t a n c e :  The c a p a c i t a n c e  be tween  two p a r a l l e l  

p l a c e s  i s  g i v e n  by E q u a t i o n  ( 1 ) .  For  a i r ,  t h e  r e l a t i v e  d i e l e c t r i c  

c o n s t a n t  i s  1 .0006 ,  i . e . ,  a l m o s t  i d e n t i c a l  co t h a t  o f  a vacuum, and t h e  

i n f l u e n c e  o f  t e m p e r a t u r e  on t h e  d i e l e c t r i c  c o n s t a n t  i s  n e g l i g i b l e .  
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The f i x e d  c a p a c i t o r  p l a t e  i s  mounted o n t o  a t h i c k  q u a r t z  p l a t e  ( s e e  

F i g u r e  6 ) .  The d i e l e c t r i c  c o n s t a n t  o f  fused  q u a r t z  i s  i n d e p e n d e n t  o f  t e m p e r a -  

t u r e  up t o  a b o u t  200°C. T h e r e f o r e ,  no s t e a d y  s t a t e  d i s t o r t i o n s  o f  t h e  p r e s s u r e  

measurement  by v a r y i n g  t e m p e r a t u r e s  a r e  p r e d i c t e d .  Th i s  i s  a l s o  c o n f i r m e d  by 

t h e  m a n u f a c t u r e r ' s  d a t a  on t e m p e r a t u r e  d r i f t  (B & K, 1982, F i g u r e  6 . 7 2 ) ,  which 

i n  e s s e n c e  show o n l y  min ima l  t e m p e r a t u r e  i n f l u e n c e  in  t h e  r a n g e  f rom -40  t o  

220°C. The above  r e s u l t s  a r e  g i v e n  f o r  a c o u s t i c  m e a s u r e m e n t s .  

4 . 5 . 2  T e m p e r a t u r e  T e s t s  

To i d e n t i f y  any  p o t e n t l a l  t e m p e r a t u r e  e f f e c t  on the  v a r i a t i o n  o f  s e n s o r  

c a p a c i t a n c e ,  t h e  c a p a c i t i v e  s e n s o r  was p l a c e d  i n t o  t h e  t e s t  oven and t e s t e d  

f o r  s e n s i t i v i t y  t o  t e m p e r a t u r e  v a r i a t i o n s  in  a r a n g e  f rom 70 to  212°F. The 

oven t e m p e r a t u r e  was s e t  i n  i n c r e m e n t s  o f  10°C and each  v o l t a g e  s i g n a l  a t  t h e  

FM o u t p u t  t e r m i n a l  was r e c o r d e d  a f t e r  one hour  to  a v o i d  e r r o r s  f rom t r a n s i e n t  

t e m p e r a t u r e  e f f e c t s .  With t h e  e x c e p t i o n  o f  t h e  t r a n s i e n t  e f f e c t s  d e s c r i b e d  ' 

b e low ,  t h e  o s c i l l a t o r  f r e q u e n c y  r ema ined  c o n s t a n t  o v e r  t h e  d u r a t i o n  o f  t h e  

e x p e r i m e n t s ,  i n d i c a t i n g  no change  o f  c a p a c i t a n c e  w i t h i n  t h e  t e m p e r a t u r e  r a n g e  

f rom room t e m p e r a t u r e  (20°C) t o  100°C. 

The s y s t e m  r e s p o n s e  t o  t e m p e r a t u r e  t r a n s i e n t s  was r e c o r d e d  by d i r e c t i n g  a 

h i g h  t e m p e r a t u r e  a i r  f l ow  f rom a e l e c t r l c  b l o w e r  i n t o  t h e  s e n s o r .  The m i c r o -  

phone c a r t r i d g e  t e m p e r a t u r e  was m o n i t o r e d  by a c o p p e r - c o n s t a n t a n  t h e r m o c o u p l e  

0 
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mounted onto the  o u t s i d e  o f  the  c a r t r i d g e .  A t y p i c a l  response  curve  i s  g iven  

i n  Figure  26 f o r  a t empera tu re  s t e p  from 20=C to  l l 0 "C :  the  F M o s c i l l a t o r  

f r equency  i n c r e a s e s  s l i g h t l y  a t  f i r s t ,  then  dec r ea se s  s lowly  to  the  o r i g i n a l  

f r equency  l e v e l .  The maximum i n c r e a s e  o f  f r equency  i s  2 .3  kHz, i t  occurs  

a f t e r  20 seconds and cor responds  to  a p r e s su re  s i g n a l  o f  app rox ima te ly  

11;5  t o r t .  For sma l l e r  or  more g radua l  t empera tu re  changes t h i s  t r a n s i e n t  

phenomenon i s  p r o p o r t i o n a l l y  s m a l l e r .  A f t e r  one minute ,  the  t r a n s i e n t  f r e -  

quency i n c r e a s e  i s  reduced to  0 .5  kEz, co r responding  to  an e r r o r  s i g n a l  o f  

2 .5  t o r t  or  0.048 p s i .  A f t e r  t h r e e  minutes the  e r r o r  i s  below 0.01 p s i  o r  

below lZ when r e f e r e n c e d  ve r sus  a 1 ps i  sXgnal. I t  i s  impor tan t  t o  emphasize 

t h a t  the va lues  g iven  here  r e f l e c t  a ve ry  l a r g e  (40=C) and sudden t empera tu re  

change wi thou t  thermal  i n s u l a t i o n  o f  the  c a r t r i d g e .  When the  c a r t r i d g e  was 

hea ted  8 r a d u e l l y  in  the  oven f o r  the  s t a t i c  exper imen t s ,  the t r a n s i e n t  e f f e c t  

was no t  measurable .  

The t r a n s i e n t  e f f e c t  can be exp la ined  by look ing  aga in  a t  the  geometry o f  

the  c a p a c i t o r  c a r t r i d g e  ( see  F igure  6 ) .  When being suddenly exposed to  h igh  
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Rgure 28. Transient Response of  the Capacit ive Sensor Oscil lator 
Frequency to  a Temperature Step Input f rom 20°C to 110°C 
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t empera tu re s ,  the o u t e r  p a r t s  o f  the  c a r t r i d g e  expand, i n c r e a s i n g  the  gap 

between the  two c a p a c i t i v e  p l a t e s  and i n c r e a s i n g  the  o s c i l l a t o r  f requency ( the  

F M o s c i l l a t o r  f requency  i nc r ea se s  with d e c r e a s i n g  c a p a c i t a n c e ) .  As the h i g h e r  

t empera tu re  reaches  the  inne r  p a r t s  o f  the c a r t r i d g e ,  the  o r i g i n a l  gap and i t s  

co r responding  o s c i U a t o r  f requency  a re  g r a d u a l l y  r e s t o r e d .  

4 . 5 . 3  V ib ra t i on  E f f e c t s  

V i b r a t i o n s  t h a t  a r e  t r a n s m i t t e d  to  the diaphragm cause d e f l e c t i o n s  and 

thus c r e a t e  an e r r o r .  The magnltude o f  the  e r r o r  i s  determlned by the  

o r i e n t a t i o n  o f  the  v i b r a t i o n a l  a c c e l e r a t i o n s  and the e f f e c t i v e  mass o f  the 

o s c i l l a t i n g  diaphragm. 

A c c e l e r a t i o n s  p e r p e n d i c u l a r  to  the diaphragm cause the l a r g e s t  d e f l e c -  

t i o n s ,  whereas a c c e l e r a t i o n s  in  the  r a d i a l  d i r e c t i o n  have no i n f l u e n c e .  I f  a 

p r e f e r r e d  o r i e n t a t i o n  o f  the  v i b r a t i o n s  e x i s t s ,  the  l a r g e r  e r r o r s  w i l l  be 

avoided by o r i e n t i n g  the diaphragm normal to  the  ax i s  o f  maximum a c c e l e r a t i o n .  

The diaphragm o f  the  Type 4136 c a r t r i d g e  i s  5 ~m t h i c k  with an e f f e c t i v e  

d iamete r  o f  4 mm, r e s u l t i n g  in  a t o t a l  e f f e c t i v e  mass o f  about 0.03 mg. Using 

the  t heo ry  d i scussed  in  Sec t ion  2, the  maximum a l lowab le  a c c e l e r a t i o n  fo r  a 

0 . 9 - p e r c e n t  e r r o r  margin i s  about  103 C. Consider ing  the u n c e r t a i n t i e s  in 

de te rmin ing  the  dimensions o f  the  diaphragm, t h i s  a l lowable  a c c e l e r a t i o n  i s  

c o n s i s t e n t  with the  m a n u f a c t u r e r ' s  exper imenta l  da ta  f o r  an average Type 4136 

c a r t r i d g e ,  t a b u l a t e d  in  B & K (1982, p. 93) .  Here,  the s e n s i t i v i t y  to  v i b r a -  

t i o n  i s  s t a t e d  as 69 dB f o r  1 m/s 2 a c c e l e r a t i o n ,  where 0 dB cor responds  to  

20 ~Pa (2 .9  x 10 -9  p s i ) .  An a c c e l e r a t i o n  o f  I0 C would thus c r e a t e  a 

p r e s s u r e  s i g n a l  o f  about 109 dB or  5 .6  Pa (0 .81 x 10 -4 p s i ) .  The 0 . 9 - p e r c e n t  

accu racy  l i m i t  ( a t  I p s i  s i g n a l )  i s  s p e c i f i e d  a t  0,009 p s i  (6 .2  Pa) o r  130 dB, 

which i s  reached by an a c c e l e r a t i o n  o f  11 1C .  F u r t h e r  r e d u c t i o n  in the  e f f e c t  

o f  v i b r a t i o n  may be achieved by the  p r o v i s i o n  o f  i s o l a t i o n  mounts to  the 

pr imary s e ns o r ,  b r ing ing  the  r e l a t i v e  e r r o r  down to about 10 -5 a t  I0 G. 

For the  e l e c t r o n i c  c i r c u i t ,  the  e f f e c t  o f  v i b r a t i o n  i s  a n t i c i p a t e d  to  be 

i n s i g n i f i c a n t  because i t  w i l l  be p h y s i c a l l y  s e p a r a t e  from the  primary s e n s o r .  

Adequate v i b r a t i o n a l  i s o l a t i o n  may be achieved by us ing  f l e x i b l e  connec to r s  

between the pr imary sensor  and the  c i r c u i t .  
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4 . 5 . 4  V i b r a t i o n  T e s t s  

Using the  t e s t  s t a n d  d e s c r i b e d  in  S e c t i o n  3 .4 ,  t he  s e n s i t i v i t y  o f  the  

c a p a c i t i v e  s e n s o r  t o  v i b r a t i o n s  was t e s t e d .  Dur ing a l l  t e s t s ,  t h e  d iaphragm 

was o r i e n t e d  normal  t o  the  d i r e c t i o n  o f  v i b r a t i o n s ,  g e n e r a t i n g  the  maximum 

p o s s i b l e  e r r o r  s i g n a l .  As p r e d i c t e d ,  t he  i n f l u e n c e  o f  v i b r a t i o n s  i s  g e n e r a l l y  

q u i t e  s m a l l .  The v i b r a t i o n  t e s t s  were conduc ted  a t  f r e q u e n c i e s  between I00 

and 200 Hz, wi th  v a r i a t i o n s  o f  a c c e l e r a t i o n  from 0 t o  10 G r . m . s .  However,  

t he  measurement r e s u l t s  o f  bo th  the  a c c e l e t o m e t e r  and the  p r e s s u r e  s e n s o r  d id  

no t  depend on the  v i b r a t i o n  f r e q u e n c y .  The r e s u l t s  g iven  below were r e c o r d e d  

a t  200 Hz. The a c c e l e r a t i o n  l e v e l  was measured wi th  the  p i e z o - a c c e l e r o m e t e r  

d e s c r i b e d  in  S e c t i o n  3 . 4 .  The c a p a c i t i v e  t r a n s d u c e r  o u t p u t  v o l t a g e  ( u s i n g  the  

~ 4 - c i r c u i t )  was passed  th rough  a bandpass  f i l t e r  to  e l i m i n a t e  l i n e  i n t e r -  

f e r e n c e ,  and then  measured wi th  a T e k t r o n i x  Type 5110 o s c i l l o s c o p e .  

As t he  a c c e l e r a t i o n  i n c r e a s e s ,  the  c a p a c i t i v e  t r a n s d u c e r  o u t p u t  s i g n a l  

i n c r e a s e s  p r o p o r t i o n a l l y ,  o s c i l l a t i n g  i n  a s i n u s o i d a l  waveform p r o p o r t i o n a l  t o  

t he  shake r  mo t ion .  At an a c c e l e r a t i o n  o f  10 G rms~ a c a p a c i t i v e  t r a n s d u c e r  

s i g n a l  o f  0 . 4  mV rms was measured.  The measurement u n c e r t a i n t y  o f  t h i s  r e s u l t  

i s  h i g h  because  an u n s h i e l d e d  e x t e n s i o n  l i n e  had to  be i n s t a l l e d  between the  

c a p a c i t i v e  t r a n s d u c e r  and the  o s c i l l a t o r / d e m o d u l a t o r  u n i t  (a  s h i e l d e d  l i n e  

would have more than  doubled  the  s t r a y  c a p a c i t a n c e ) .  The u n s h i e l d e d  l i n e  

g e n e r a t e d  a random n o i s e  l e v e l  o f  abou t  0 . 2  mV rms and l i n e  n o i s e  which was 

f i l t e r e d  ou t  w i th  a bandpass  f i l t e r  s e t  a t  200 Hz. Using the  c a l i b r a t i o n  

c u r v e  i n  F i g u r e  14, t he  s i g n a l  a t  10 G rms c o r r e s p o n d s  t o  a p r e s s u r e  o f  

0 . 0 8  t o r t  o r  1 .4 x 10 -4  ps i~  g e n e r a t i n g  a r e l a t i v e  e r r o r  o f  .14% a t  1 p s i  

p r e s s u r e  l e v e l  and 10 G rms a c c e l e r a t i o n .  The t h e o r e t i c a l l y  p r e d i c t e d  s i g n a l  

( S e c t i o n  4 . 5 . 3 )  f o r  10 G i s  0 .81  x 10 -4  p s i .  The h i g h e r  e x p e r i m e n t a l  v a l u e  

i s  presumed t o  be caused  ma in ly  by the  low s i g n a l - t o - n o i s e  r a t i o  o f  the  b r e a d -  

board circuit used in the vibration test. Significant reduction in the 

s i g n a l - t o - n o i s e  r a t i o  and thus  the  above e r r o r s  w i l l  be a c h i e v e d  in  the  

p r o t o t y p e  t r a n s d u c e r  assembly  t o  be b u i l t  in  Phase  I f .  Note t h a t  t he  above 

e r r o r s  a r e  t he  maximum e r r o r s  t h a t  can be s i g n i f i c a n t l y  reduced  by the  

p r o v i s i o n  o f  i s o l a t i o n  mounts and by mount ing  the  p r imary  s e n s o r  p e r p e n d i c u l a r  

t o  the  a x i s  o f  the  v i b r a t i o n a l  mot ion  ( S e c t i o n  4 . 5 . 3 ) .  
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5. CONCLUSIONS AND RECOMMENDATIONS 

During the  Phase I s tudy ,  FLOW s u c c e s s f u l l y  demonstra ted the  f e a s i b i l i t y  

o f  deve lop ing  a c a p a c i t i v e  p res su re  t r a n s d u c e r  f o r  measuring d i f f e r e n t i a l  

p r e s s u r e  in  h igh - t empe ra tu r e  and v i b r a t i o n  envi ronments .  Tes t  r e s u l t s  

s t r o n g l y  i n d i c a t e  that~ with proper  m o d i f i c a t i o n s  o f  the  primary sensor  (B & K 

Type 4136 microphone c a r t r i d g e  or  an e q u i v a l e n t  p roduc t )  and f u r t h e r  r e s e a r c h  

and development to  be performed in  Phase I I ,  i t  i s  p o s s i b l e  to  develop a 

p r o t o t y p e  t r a n s duce r  t h a t  meets a l l  DOD requ i remen t s .  The most impor tant  

f i nd ings  suppor t ing  the s u c c e s s f u l  demons t ra t ion  o f  the  f e a s l b i l l t y  a r e  

summarized below: 

o 

A primary sensor  s e l e c t e d  f o r  the t r an sduce r  assembly i s  a B & K Type 

4136 microphone c a r t r i d g e ,  which surpasses  most o f  the DOD requ i rement s  

( see  Table 1 and Sec t ion  4 . 1 ) .  With proper  m o d i f i c a t i o n s  of  the 

c a r t r i d g e  f o r  accomodation o f  d i f f e r e n t i a l  p r e s su re  measurements and 

h igh  l l n e  p r e s s u r e ,  t he  pr imary sensor  w i l l  surpass  a l l  the  DOD 

requ i rements  by a wide margin. 

Two d i f f e r e n t  o s c i l l a t o r / d e m o d u l a t o r  c i r c u i t s ,  one uses  f requency 

modula t ion  and the  o t h e r  ampli tude modula t ion ,  have been developed and 

t e s t e d .  Both c i r c u i t s  work wel l  in s c o n s t a n t - t e m p e r a t u r e  

envi ronment .  At e l e v a t e d  t empera tu re s ,  however, the AN c i r c u l t  i s  

expec ted  to  perform b e t t e r  than the FN c i r c u i t  due to  the s u p e r i o r  

tempera ture  s t a b i l i t y  o f  i t s  c r y s t a l - c o n t r o l l e d  o s c i l l a t o r  ( S e c t i o n  

4 . 3 . 2 ) .  In Phase I I ,  the  AN c i r c u i t  w i l l  be opt imized f o r  the 

p r o t o t y p e  t r a n s d u c e r  assembly.  

Exper imenta l  r e s u l t s  o f  the  dynamic t e s t s  show t h a t  the  r i s e  time o f  

the  c a p a c i t i v e  t r a n s d u c e r  i s  about  0 .7  ms ( S e c t i o n  4 . 4 . 1 ) .  This  r i s e  

time may be p o t e n t i a l l y  reduced by op t imiz ing  the  des ign  o f  the c a v i t y  

i n s i d e  the  p re s su re  p o r t s  because  the  B & K diaphragm has a much h ighe r  

r e sonan t  f requency  o f  70 kHz. 

o D i f f e r e n t i a l  p r e s su r e  measurements were conducted in  a pipe flow system, 

which was designed to  s imula te  the  c o n d i t i o n s  ac ross  the  s c r een  in  the  

i n l e t  plenum o f  the  T-1 c e l l ,  us ing  the c a p a c i t i v e  t r a n s d u c e r  and a 
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Micro Switch t r a n s d u c e r  as  a c a l i b r a t o r  hav ing  a r i s e  t ime b e t t e r  t han  

I ms. Comparison o f  t he  d a t a  measured s l m u l t a n e o u s l y  has  demons t r a t ed  

t h a t  r e s u l t s  o f  t he  c a p a c i t i v e  t r a n s d u c e r  a g r e e  w e l l  wi th  t h o s e  o f  t he  

Micro Switch  t r a n s d u c e r  f o r  f r e q u e n c y  up t o  100 Hz. N o t i c e a b l e  

discrepancy begins to show for pressure slgnals beyond 300 Hz. The 

discrepancy is mainly due to the inadequate ventilation hole (on the 

B & K cartridge) connecting to the low pressure port. This can be 

c o r r e c t e d  s imp ly  by e n l a r g i n g  the  v e n t i l a t i o n  h o l e ,  one o f  the  

m o d i f i c a t i o n s  t o  be made in  Phase I f .  

The capacitive transducer was tested for sensitivity to vibrations and 

temperature variations. The experiments essentially confirmed the 

theoretical predictions for the sensitivity to vibrations, allowing 

accelerations up to 100 G and beyond at less than 1% error. The B & K 

cartridge proved to be temperature sensitive for fast temperature 

variations. When a step'temperature change occurs, an error signal is 

produced for a short time. The magnitude of the error depends on the 

step magnitude and on the amount of thermal insulation provided to the 

capacitive cartridge. It is assumed that the geometrical conditions at 

the location of the sensor installation will allow for sufficient 

thermal insulation of the sensor so that the transient thermal effect 

will be n e g l i g i b l e .  

From the  above f i n d i n g s ,  we have i n c o r p o r a t e d  all t h e  n e c e s s a r y  m o d i f i -  

c a t i o n s  of the primary sensor and the housings in a new design, as illustrated 

in Figure 27. A detailed description of all the elements in the figure has 

been given in the Phase II proposal (Flow Industries TP-8465) submitted to 

AEDC for review and approval. Recommendations for Phase II research and 

development used on the Phase I findings have been presented in the work plan 

of the proposal (Section 5). At the completion of Phase If, we are confident 

that a self-contained, microprocessor-controlled prototype transducer will be 

completed and successfully tested in the AEDC Engine Test Facility. The proto- 

type transducer, which will at least meet all the DOD requirements, will find 

a wide range of appllcations not limited to the intended measurements. 
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